intraradices colonized fewer citrus roots in soil amended Bohlen, 1996; Martin, 1986; Paoletti et al., 1995) . Particconstant or increasing, depending on the crop. The findings are discussed in relation to the potential effect of continued long-term use ularly in sandy acidic soil, 100 to 150 mg total Cu kg
cide on a variety of agricultural crops. After application, the copper residue typically accumulates in the upper 15 cm of soil. Data from able) (Aoyama and Nagumo, 1996) , and 1500 mg Cu kg Ϫ1 the California Pesticide Use Reports were used to estimate the aug- (Hirst et al., 1961; Tiller and Merry, 1981) . Concentramentation of copper in the soil that resulted from pesticide applications that are reported as toxic vary; critical factors tions for the six years from 1993 to 1998 on 12 crops that are grown include the organism, whether acute or chronic toxicity without rotation. The estimated mean mg Cu kg Ϫ1 soil added to the was determined, the extraction method, and soil charac- tebrate animals (Domsch, 1989; Giller et al., 1998) . Solu- intraradices colonized fewer citrus roots in soil amended
For example, for walnut orchards, we estimated that 12 500 ha, or with 34 mg Cu kg Ϫ1 (Graham et al., 1986) . Soil respira-17% of the planted area, was treated with a quantity of Cu that would tion was reduced in soil amended with 50 mg Cu kg Ϫ1 increase the total concentration of Cu in the upper 15 cm of soil by (Chang and Broadbent, 1981 Bohlen, 1996; Martin, 1986; Paoletti et al., 1995) . Particconstant or increasing, depending on the crop. The findings are discussed in relation to the potential effect of continued long-term use ularly in sandy acidic soil, 100 to 150 mg total Cu kg
Ϫ1
of Cu pesticides on soil sustainability. (Alva et al., 1993; Reuther and Smith, 1953; Tiller and Merry, 1981) or 20 mg kg Ϫ1 of either diethylenetriamine pentaacetic (DTPA)-or 0.1 M HCl-extractable Cu (Walsh et al., 1972) decreased productivity of Cu-sensi-A lthough copper is required as a micronutrient, it is tive crops. Despite the potential negative effects to soil a broad-spectrum biocide at higher concentrations flora and fauna, in the USA, Cu pesticide labels do (Fleming and Trevors, 1989) . Formulations of inorganic not indicate that beneficial microflora and fauna are Cu, most commonly as copper hydroxide and copper adversely affected by soil-borne copper and that persissulfate, are used as agricultural pesticides to control tent use of copper in fields has the potential to diminish fungi, bacteria, and in some instances, invertebrates and the sustained productivity of the soil. The only environalgae. After application on plants in the field, the Cu mental caution on U.S. Cu pesticide labels regards toxicresidue typically accumulates in the upper 15 cm of soil, ity to fish and aquatic organisms, and phytotoxicity to bound to the organic matter and fine clay fraction (KaCu-sensitive cultivars. bata- Pendias and Pendias, 1992; Flores-Vé lez et al., 1996) .
Our objective was to determine if the amounts of inIn the USA, the Cu content of agricultural surface soil organic Cu applied as pesticides in California on perenranged from 0. planted without a rotation. The potential effect of con-(HNO 3 -extractable) (Frank et al., 1976) , 130 mg Cu kg stein et al., 2001) . Consequently, records were cleaned as follows. For the PUR, each planting is divided into geographic
, triflumizole sections, each with a typical area of 259 ha. Any record with planted area greater than 518 ha is in error and was discarded.
[(E )-4-chloro-␣,␣,␣-trifluoroN-(1-imidazol-1-yl-2-propoxyFor sites for which several values of the planted area were ethlidene)-o-toluidine], and ziram [zinc bis(dimethyldithiocarreported, the median was used. Because each record contains bamate)]; also as a separate tally for grapes, sulfur and lime application information for a single day, when the area treated sulfur; for lemon and orange, azinophos-methyl [O,O-dimethyl exceeded the planted area for any day, the record is in error S- [4-oxo-1,2,3-benzotriazin-3(4H) 
Results and Discussion
Cu was divided by the average planted area, and the percentage change was determined. To determine whether the observed Based on the 6-yr study, the intensity of Cu use in which there were alternatives to Cu, we examined the total cuCalifornia appears to be either relatively constant or mulative area treated with the Cu alternatives divided by the increasing, depending upon the crop (Table 1) . Of the planted area. We also determined the total area treated with Cu divided by the planted area. Cu alternatives on the selected 12 crops, the largest percentage increase in intensity of hydroxide in agricultural production increased approxi- Cu, soil erosion, or leaching from the soil. However, in these agricultural systems, very little biomass is removed from the site. Moreover, a preliminary survey of Cu in walnut orchards in Sutter County, California indicated that orchards that had been treated with bacteriocidal applications of inorganic copper had from 73 to 272 mg total Cu kg Ϫ1 in the upper 15 cm of soil (data not shown). These values support the contention that pesticidal applications of Cu are largely retained in the topsoil. In a Cu budget for a 24-yr-old coffee (Coffea arabica L.) plantation that was routinely sprayed with inorganic Cu fungicides, 95 and 4% of the applied Cu was accounted for in the soil and litter, respectively (Dickinson and Lepp, 1985) . After Cu sprays were ceased for a 2-yr period, the concentration of Cu in the soil in the upper 20 cm in a coffee plantation remained unchanged (Dick- Pesticidal applications of Cu were primarily recovered from the top 2 and 2.5 cm of soil in vineyards (Flores-Vé lez et al., 1996) and tomato (Lycopersicon esculentum mately sevenfold from an estimated 700 Mg in 1987 to Mill.) fields (Gallagher et al., 2001) , respectively. 5200 Mg in 1997 (Aspelin and Grube, 1999). Because
Although there are several potential sources of soilCu has lower mammalian toxicity than most synthetic borne Cu, pesticides are typically the largest input (Tilpesticides, we used the Pesticide Use Reports to deterler and Merry, 1981); according to our analysis, approximine if there was evidence that growers had replaced mately 3.8 ϫ 10 3 Mg of Cu were used as pesticide in synthetic pesticides with Cu. However, for those crops California in 1997. Although copper also can be added in which there was an increase in intensity of Cu use, to soil as a fertilizer for soils low in Cu, and as a contamithere was no evidence from the Pesticide Use Reports nant in fertilizers, these inputs are comparatively low that there was a reduction in use of other fungicides.
in California. The concentrations of Cu in sewage sludge Because there is no unequivocal threshold of Cu toxand manure are highly variable (USEPA, 1999) . Sludge icity in soil, we present the data in Fig. 1 so that the containing either industrial waste (Chang et al., 1989) reader can determine the amount of area that has reand swine manure or poultry manure can be high in Cu. ceived the indicated amount of Cu over the 6-yr period.
The USEPA 503 regulations allow an annual maximum We illustrate with an example. Assuming that the Cu addition of 75 kg Cu ha Ϫ1 or a cumulative maximum in an aerial application is ultimately deposited on the soil addition of 1500 kg Cu ha Ϫ1 . California's Title 22 limits and retained in the upper 15-cm depth, and assuming a water-soluble copper to 25 mg L
Ϫ1
. Based on the U.S. bulk density of soil of 1.3 g cm Ϫ3 , an orchard that was sludge standards, McGrath et al. (1994) estimated that treated with a total of 9.75 Mg Cu km Ϫ2 would have an USA agricultural soils could have a maximum input of expected addition of 50 mg Cu kg Ϫ1 soil dry weight in 750 mg total Cu kg Ϫ1 soil, a concentration that is above the upper 15 cm. For walnut orchards, a value of 9.75 the lethal dose for some microorganisms that are crucial Mg Cu km Ϫ2 on the horizontal axis in Fig. 1 Tyler, 1975; Chaudri et al., 2000) and for many crops of walnut orchards were treated with a total of 9.75 Mg (Walsh et al., 1972; McBride, 1995) . In contrast, in the Cu or more. As shown in Table 1 , there are 750 km 2 of European Community, soils treated with sewage sludge walnut orchards. Thus, 17% of the orchard area was are limited by law to a maximum soil concentration of treated with a minimum of 9.75 Mg Cu km Ϫ2 . However, 50 to 140 mg total Cu kg
, depending upon the country many walnut orchards in California are managed with (McGrath et al., 1994; Matthews, 1996) . There is scienminimum or no tillage, and for these farms, the actual tific debate on whether even these lower concentrations Cu concentrations could be twice as high in the upper are sufficient to ensure soil sustainability (Giller et al., 7.5 cm. In the USA, pesticide labels for perennial crops 1998), or whether the European limits are overly protectypically recommend repeated applications of 1 to 9 tive (Smith, 1997). Indeed, the more lax USEPA 503 kg Cu ha
, depending upon the crop and the target standards for Cu in sludge are supported by literature pathogen. Assuming a bulk density in soil of 1.3 g cm
Ϫ3
(USEPA, 1992), although McBride (1995) has argued and total Cu deposition and retention in the upper that the standards are overly based on corn (Zea mays L.), 15 cm, a single application of 9 kg Cu ha Ϫ1 would ultia relatively copper-insensitive crop. mately result in an increase of 4.6 mg Cu kg Ϫ1 soil (dry Copper has been used as a fungicide since the 1800s weight). We note that this concentration would be lower and is considered by farmers and pest management adviif there was movement of Cu off-site due to spray drift, removal of plant material with adsorbed or absorbed sors in the USA to be safe and relatively inexpensive. prophylactically. Thus, given its relatively low cost and 
